It has been suggested that oxygen-derived free radicals may contribute to the myocardial injury associated with ischemia and reperfusion. As the presence of enhanced free radical generation is a prerequisite for such damage, several techniques have been used to provide evidence of increased oxygen free radical production during reperfusion; however, all such techniques have substantial limitations. In this study, we used enhanced chemiluminescence to evaluate oxygen free radical generation during ischemia and reperfusion in the isolated Langendorff-perfused rat heart. The chemiluminescent technique, which has high sensitivity and can monitor radical generation continuously, avoids some of the limitations of earlier methods. Chemiluminescence (expressed as counts per second) decreased from 219±11 at baseline to 142 ±9 during ischemia and markedly increased to a peak of 476+±36 during the first 3-5 minutes of reperfusion. This was followed by a slow decline over 11-16 minutes to a steady-state level of 253±14 (each sequential change in chemiluminescence was highly significant; p<0.001). Superoxide dismutase (2,000 units/min) significantly decreased peak reperfusion chemiluminescence to 316±+17 (p<O.Ol). Hearts subjected to a second period of ischemia and reperfusion had a higher peak chemiluminescence (626+62), which also was significantly attenuated by 1,000 units/min superoxide dismutase (398± 16; p<0.01). These observations indicate 1) that it is feasible to continuously monitor oxygen free radical generation in the perfused rat heart via enhanced chemiluminescence, 2) that there is a pronounced and prolonged increase in free radical generation during the early reperfusion period, and 3) that superoxide dismutase partially attenuates the elevation of free radical content during reperfusion.
It has been suggested that oxygen-derived free radicals may contribute to the myocardial injury associated with ischemia and reperfusion. As the presence of enhanced free radical generation is a prerequisite for such damage, several techniques have been used to provide evidence of increased oxygen free radical production during reperfusion; however, all such techniques have substantial limitations. In this study, we used enhanced chemiluminescence to evaluate oxygen free radical generation during ischemia and reperfusion in the isolated Langendorff-perfused rat heart. The chemiluminescent technique, which has high sensitivity and can monitor radical generation continuously, avoids some of the limitations of earlier methods. Chemiluminescence (expressed as counts per second) decreased from 219±11 at baseline to 142 ±9 during ischemia and markedly increased to a peak of 476+±36 during the first 3-5 minutes of reperfusion. This was followed by a slow decline over 11-16 minutes to a steady-state level of 253±14 (each sequential change in chemiluminescence was highly significant; p<0.001). Superoxide dismutase (2,000 units/min) significantly decreased peak reperfusion chemiluminescence to 316±+17 (p<O.Ol). Hearts subjected to a second period of ischemia and reperfusion had a higher peak chemiluminescence (626+62), which also was significantly attenuated by 1,000 units/min superoxide dismutase (398± 16; p<0.01). These observations indicate 1) that it is feasible to continuously monitor oxygen free radical generation in the perfused rat heart via enhanced chemiluminescence, 2) that there is a pronounced and prolonged increase in free radical generation during the early reperfusion period, and 3) that superoxide dismutase partially attenuates the elevation of free radical content during reperfusion. (Circulation Research 1990; 67:1453 -1461 xygen-derived free radicals have been impli-O cated in the pathogenesis of myocardial injury in a variety of clinical syndromes. There is evidence that oxygen free radicals may play a role in the genesis of reperfusion injury,1-3 "stunned" myocardium,3-5 reperfusion arrhythmias,3,6-8 myocardial inflammation,1 atherosclerosis,9 and anthracycline drug toxicity.1'10"1 The evidence suggesting that oxygen free radicals are involved in myocardial reperfusion injury and myocardial "stunning" includes 1) the presence of a biochemical From substrate for enhanced oxygen free radical generation during ischemia and/or reperfusion,1-4 2) the observation that oxygen free radicals can cause myocardial injury in vitro,3,4,'2 and 3) the demonstration that oxygen free radical scavengers and agents that prevent oxygen free radical generation can reduce infarct size or postischemic myocardial "stunning." In relation to the last point, it also should be noted that other interventional studies have yielded negative or indeterminant results.34"13"14 The inconsistent results of interventional studies have led to continued controversy over the role of oxygen free radicals in myocardial reperfusion injury.
In an attempt to provide direct evidence of the role oxygen free radicals play in myocardial reperfusion injury, electron spin resonance spectroscopy ( 29 Chemiluminescence has been used in a variety of biological systems, including isolated mitochondria, neutrophils, macrophages, and isolated organ (lung, liver, heart) preparations. In unenhanced or lowlevel chemiluminescence, light is generated by the dimol emission of singlet oxygen and via intermediates in the process of lipid peroxidation.23 '25'26 In enhanced chemiluminescence, a light-amplifying substance, such as luminol or lucigenin, which emits light when oxidized, is added to the preparation to increase detection sensitivity.25 '27-29 There has been some experience with unenhanced chemiluminescence in myocardial tissue.30-34 For example, it has been reported that unenhanced chemiluminescence increased during postischemic reperfusion in vitamin E-depleted rats but not in controls. 33 The enhanced chemiluminescent responses to ischemia and reperfusion in the heart have not been described. This study was designed to evaluate the use of enhanced chemiluminescence as a measure of oxygen free radical generation in the isolated rat heart, to describe the responses during ischemia and reperfusion, and to determine the effect of superoxide dismutase (SOD) on myocardial chemiluminescence.
Materials and Methods

Isolated Perfused Heart Model
This model has been described in detail elsewhere. 35 8-12 mm Hg throughout the experiments by adjusting the volume of the intraventricular balloon. The atrioventricular node was crushed to inhibit the native rhythm, and the heart was paced at 300 beats/min via two small epicardial electrodes.
Chemiluminescence Apparatus
The chemiluminescence system has been described in detail elsewhere. 28, 29 Briefly, experiments were carried out in a light-tight box (Figure 1 ) with the laboratory darkened to further limit extraneous light contamination. The perfused heart is placed in a q.. ), a chemiluminescent enhancer, was infused for an additional 10 minutes. The hearts then underwent an 11.5-minute period of zero-flow global ischemia while left ventricular end-diastolic pressure and pacing were maintained constant. This was followed by reperfusion (with continuing lucigenin infusion) for 20 minutes.
The initial group of 10 hearts then was divided into two groups of five for the second stage of the study. After the 20-minute reperfusion period, five hearts received an infusion of SOD (1,000 units/min) for 20 minutes before a second 11.5-minute ischemic period; SOD infusion was resumed during 20 minutes of reperfusion. The other five hearts were subjected to an identical second cycle of ischemia and reperfusion but received no SOD.
An additional group of five hearts, which had not been subjected to ischemia or reperfusion, received SOD, 2,000 units/min, for five minutes before an 11.5-minute period of ischemia and during the initial 10 minutes of reperfusion; the results obtained in this group were compared with those obtained during the first ischemic period in the previously described group of 10 hearts. . .
--------. This level of chemiluminescence was as low as the initial baseline chemiluminescence measured before ischemia and reperfusion.
Time Course of Increased Chemiluminescence Chemiluminescence began to increase immediately with the onset of reperfusion and peaked within 3-5 minutes. The increase in chemiluminescence was relatively prolonged, declining gradually over 10-17 minutes before reaching a steady-state value that was higher than baseline. The time from peak reperfusion chemiluminescence until a steady state was achieved was related to the height of the peak. The time from peak to steady-state during the first reperfusion period was 13.5 ±0.7 minutes without SOD and decreased to 10.3±0.1 minutes with SOD (p<0.001). Likewise, during the second reperfusion period, the time from peak to steady state was 16.7±0.5 minutes without SOD and decreased to 13.1±0.3 minutes with SOD (p<0.001). Thus, SOD decreased both the peak chemiluminescence (Figures 4 and 5 ) and the time to steady state. The presence or absence of ventricular fibrillation at the onset of reperfusion affected the peak chemiluminescence, with lower values being present during fibrillation. If fibrillation was sustained more than a few minutes, then the initial peak was followed by a second peak that occurred when the paced rhythm resumed.
Mechanical Function
An estimate of mechanical function was obtained by measuring the percent change in peak systolic pressure from baseline to the end of reperfusion. This ischemia and reperfusion model with pyruvate/glucose as substrate and 11.5 minutes of ischemia is known to develop only limited mechanical dysfunction.36 Although this study was not designed to evaluate the effect of SOD on mechanical function, a trend toward improved function was noted in the SOD-treated group: a 15% decrease in peak systolic pressure was observed in controls versus a 6% decrease in the hearts receiving 2,000 units/min of SOD before the first ischemic period (p<0.02). However, there was no significant difference between hearts receiving (36% decrease) or not receiving (31% decrease) SOD in the second ischemia and reperfusion period.
Discussion
In this study we have shown that the technique of enhanced chemiluminescence can be used to measure oxygen free radical generation in the isolated perfused rat myocardium. Chemiluminescence decreases during ischemia and markedly increases during reperfusion. These data provide additional direct evidence that there is a significant and prolonged increase in oxygen free radical generation in postischemic myocardium.
Methodological Considerations
Chemiluminescence has been used to measure oxygen free radical generation in a variety of living systems. It is a very sensitive method that has the advantage of being able to provide continuous, online, nondestructive monitoring of oxygen free radical levels. Chemiluminescence is categorized as being unenhanced or enhanced. Unenhanced chemiluminescence is thought to result from the dimol emission of singlet oxygen and/or from reactions during lipid peroxidation.23252633 This unenhanced chemiluminescence can be increased by the administration of hydroperoxides or by glutathione depletion.31 '32 In enhanced chemiluminescence, a light-amplifying substance, such as luminol or lucigenin, is added to increase sensitivity.25,27-29 These substances, when oxidized by oxygen free radicals, emit light with high quantum efficiency. Lucigenin in particular is known to be very sensitive to the superoxide anion (0`) radical. 28 Although lucigenin has been stated to be "specific" for O°-, recent in vitro studies from our laboratory have shown it also can enhance hydrogen peroxide-induced chemiluminescence.28 Nevertheless, as lucigenin is extremely sensitive to O' and because SOD significantly decreased chemiluminescence, we believe the predominant radical detected in this study was°--
Origin of Free Radicals and the Site of Detection
The precise mechanism(s) of oxygen free radical production in the heart is unsettled. Proposed sites of free radical generation within the myocyte include the mitochondria, the xanthine/xanthine oxidase system, reactions involving oxidized forms of myoglobin, and other enzymatic pathways.'-3,37,38 Endothelial cells are another potential source of oxygen free radical generation.39'40 Leukocyte free radical production may be a major nonmyocyte source of radicals in the heart.1-3 However, in the present salineperfused heart model, the contribution by leukocytes to radical generation should be modest, and oxygen free radical generation within the myocyte or endothelial cell should be predominant.
The site of oxygen free radical detection by lucigenin also is unsettled (i.e., extracellular, intracellular, or both). We believe, based on data to be discussed, that lucigenin can detect both intracellular and extracellular oxygen free radicals in the heart. 1) We 41 It has been shown that O°-radicals cross the cell membrane via anion channels and that their egress can be largely blocked by anion channel blocking agents such as 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS). 42, 43 Using the present experimental model, we found that DIDS added to the perfusate before ischemia caused a modest increase in basal chemiluminescence and did not increase peak reperfusion chemiluminescence.41 However, the decline in chemiluminescence after the peak was prevented, as was the ability of SOD to attenuate the increased chemiluminescence associated with reperfusion. Enhanced destructive effects of xanthine/xanthine oxidase-generated°--within red blood cell vesicles, in the presence of DIDS blockade of free radical egress, also has been reported.42 These data suggest a higher intracellular radical concentration in the presence of anion channel blockade, a conclusion consistent with the elevation of reperfusion chemiluminescence we observed. Furthermore, in the red blood cell vesicle study it also was found that the protective effects of SOD were attenuated in the presence of anion channel blockade.42 This result also is consistent with our finding that DIDS treatment was associated with a loss of the ability of SOD to attenuate the reperfusion-associated elevation of chemiluminescence.41 Taken together, the data are consistent with the view that at least a portion of the light emission resulting from the interaction between oxygen free radicals and lucigenin is generated intracellularly.
Although it is not certain which layer of myocardium generates the chemiluminesence being detected, it would appear more likely that the emission from the subepicardium is the predominant light recorded in such a dense (and presumably light attenuating) tissue as myocardium.
Previous Studies of Chemiluminescence in Myocardium
The first reported use of chemiluminescence in cardiac tissue was in 1980 when Cadenas et a130 evaluated the hydroperoxide-induced responses in bovine myocardial submitochondrial particles. Barsacchi et a132 reported an increase in unenhanced chemiluminescence with perfusion of isolated rat hearts with hydroperoxides. This process was oxygen dependent, and the magnitude of chemiluminescence correlated with production of lipid peroxides. A subsequent report by the same group showed a similar increase in unenhanced chemiluminescence with depletion of myocardial glutathione.31 They reported a higher dark current (90-100 cps) and lower baseline unenhanced chemiluminescence (120-130 cps) than occurred in this experiment (31 and 178 cps, respectively). In relation to these findings, we presume that the present system has improved shielding with regard to extraneous light detection and has increased sensitivity. Recently, Barsacchi et a133 found that unenhanced chemiluminescence after 30 minutes of ischemia did not increase with reperfusion in control rats. Rats fed a vitamin E-depleted diet for 9 weeks demonstrated a marked increase in unenhanced chemiluminescence during reperfusion. Ferreira et a134 recently demonstrated an increase in hydroperoxide-induced chemiluminescence in endomyocardial biopsies of six patients after coronary bypass surgery. This increase in hydroperoxide-induced chemiluminescence reflected a decrease in tissue antioxidants and correlated with mitochondrial damage by electron microscopy, implying the occurrence of oxygen free radical-induced oxidative stress. The same group reported an increase in hydroperoxide-induced chemiluminescence in rabbit hearts treated with adriamycin.10 A combination of vitamins A and E, used as antioxidants, decreased chemiluminescence and myocardial lipid peroxidation. To our knowledge, there have been no previous studies of enhanced chemiluminescence in myocardium.
Time Course of Increased Oxygen Free
Radical Generation
The time course of the increase in oxygen free radical levels in this study is important and may have implications with regard to potential treatment regimens designed to limit oxygen free radical-induced myocardial injury. In this study, oxygen free radical generation during reperfusion peaked within 3-5 minutes and was followed by a slow decline over 11-16 minutes. Zweier et al, using ESR15 and spin trapping16 in isolated rabbit hearts, reported a marked increase in oxygen free radicals that peaked in the first 30 seconds after reperfusion, but they did not report data beyond 1 minute of reperfusion. Garlick et al,17 in an isolated rat heart model with 15 minutes of global ischemia, measured oxygen free radical generation using spin-trapping techniques and reported a time course almost identical to this study, with a peak in 4 minutes followed by a gradual decrease over 10-30 minutes. Kramer et al, 20 in another study using spin-trapping techniques in isolated perfused rat hearts, showed a peak in 3 minutes with a decrease in 7-10 minutes. Likewise, Bolli et al,18 using spin trapping and a canine regional ischemia model, reported a peak in 2-4 minutes with a gradual decline over 20 minutes but with persistent signal at 3 hours of reperfusion. To summarize, the accumulated evidence clearly supports a peak of oxygen free radical levels in the first few minutes of reperfusion followed by a relatively slow decrease over time.
Several observations deserve special mention. We detected chemiluminescence in the hearts at baseline, before the addition of lucigenin or ischemia, confirming reports of Barsacchi et al.31-33 Although Zweier et al'5 reported a signal by ESR in control animals before ischemia, spin-trapping experiments have not provided evidence for free radical generation under control conditions. Potential explanations for this finding included the following: 1) Background noise may contribute to this finding, although it is unlikely to be a major component. Without tissue in the apparatus, light detected was negligibly higher than with the closed shutter, and light emission decreased significantly during ischemia but was still significantly higher than dark current emission.
2) The possibility exists that chemiluminescence is more sensitive than spin trapping and that the light emission detected may be secondary to normal production of oxygen free radicals in the heart via mitochondria and/or low-grade lipid peroxidation. Moreover, although it is well known that the existence of many species of oxygen free radicals is quite brief, the likely intracellular presence of lucigenin (see earlier discussion) may make the detection of low-level emission from mitochondrial and other sources feasible. Alternatively, it is possible that the brief period of ischemia (1-2 minutes) from heart excision to perfusion may predispose to radical production during the control period. 3) Finally, light may be emitted from a cellular source other than oxygen free radical generation. Other etiologies of light emission have been proposed, but the evidence appears to support the concept that the predominant light source is oxygen free radical generation.25 Although we cannot exclude the possibility that the brief period of ischemia present during isolation may somewhat enhance oxygen free radical generation during the preischemic control period, it seems most likely that the great sensitivity of enhanced chemiluminescence permits recognition of the low level of oxygen free radical generation resulting from normal metabolic events.
Oxygen Free Radical Levels During Ischemia
Several authors have reported evidence and rationales for production of oxygen free radicals during ischemia."118 Production of oxygen free radicals requires oxygen as a substrate but can occur at low oxygen tension.9 Using spin trapping, Bolli et al'8 reported low-grade oxygen free radical production during ischemia in dogs. In this study, oxygen may have been supplied by collateral flow. Arroyo et al19 also detected oxygen free radical generation with spin trapping in rat hearts during ischemia. The low-flow (0.1 ml/min) global ischemia used in that study may have provided sufficient oxygen for oxygen free radical production. In contrast, Garlick et al,17 using spin trapping, found no evidence of oxygen free radical generation during global ischemia in rat hearts. In the present study, chemiluminescence declined during ischemia but did not reach the level of the dark current. The continued oxygen free radical generation during ischemia may be explained by self-generating reactions via lipid peroxidation or by the possibility that even under global ischemic conditions, some oxygen is available to the light-emitting segment of myocardium in this model.
Persistence of Oxygen Free Radical Generation During Reperfusion
In the present study, chemiluminescence gradually declined to a steady-state level but did not return to baseline after 20 minutes of reperfusion. This implies that there is continued increase in oxygen free radical generation above baseline. As noted above, Bolli et al18 reported continued detection of oxygen free radical generation up to 3 hours after reperfusion.
A variety of pathophysiological mechanisms occur during ischemia that promote oxygen free radical generation.1-4 9 These include increased reducing equivalents; breakdown of ATP to hypoxanthine, which provides substrate for 0' production via xanthine oxidase (generated from xanthine dehydrogenase during ischemia); disruption of the electron transport chain; activation of the arachidonate cascade; auto-oxidation of catecholamines; and accumulation of neutrophils (unlikely to be of importance in this model). In addition, cellular protective enzymes (SOD, catalase, glutathione, vitamin E) are depleted during ischemia. Given the multiple mechanisms that may stimulate oxygen free radical generation, it is not surprising that the peak chemiluminescence seen after the second ischemic period was significantly higher than that after the first period, or that the return of chemiluminescence toward baseline levels after the reperfusion peak is gradual. Effects of Superoxide Dismutase SOD significantly decreased oxygen free radical generation measured by chemiluminescence in both the first and second reperfusion periods. This decrease was evident in both the peak counts per second and the subsequent steady-state level. However, SOD did not completely abolish the increased chemiluminescence during reperfusion. Potential explanations for this finding include the possibilities 1) that oxygen radicals other than superoxide were generated and detected; 2) that before exposure to Such studies may further characterize the role of oxygen free radicals in myocardial injury.
